Materials and Methods

Catalyst Samples
The deposition precipitation method (17) was used to prepare GNPs deposited on CeO 2 . After the deposition of Au(OH) 4 , the samples were calcined in air at 573 K for 4 h. The actual Au metal loading was 1.8 wt% with respect to CeO 2 . Conventional TEM analysis was also conducted to determine the mean diameter of the GNPs, which was 4.1 nm with a standard deviation of 1.3 nm. Typical orientation relationships between the GNPs and the crystalline CeO 2 supports were (111) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Au//(111) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] CeO 2 and (111) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Au//(111) [-110 ]CeO 2 (38) . The activity of the Au/CeO 2 catalysts was measured using a fix bed flow reactor by passing 1 vol% CO in air at a space velocity of 20,000 h -1 ml g cat - 1 . The conversion of CO to CO 2 reached 100% at room temperature. The CO oxidation rate per unit catalyst weight and per supported gold was found to be 7.4×10 -6 mol CO g -1 s -1 at 303 K and 0.081 mol CO (mol Au ) -1 s -1 at 303 K, respectively. The corresponding reaction rate per surface exposed metal (gold) atoms was found to be 0.24 s -1 at 303 K.
ETEM experiments
Au/CeO 2 catalyst samples were supported on a carbon-coated microgrid backed by a Cu mesh of 3 mm in diameter. A mesh with the samples was fixed onto a specimen holder and transferred to an ETEM (FEI Titan ETEM equipped with a specially designed environmental-cell). This ETEM is equipped with a corrector that has a spherical aberration in the objective lens (Cs corrector). The ETEM was operated at 300 kV for the highest resolution observations (Fig. 1, fig. S1 , and fig. S2 ) and at 80 kV (Fig. 2 , A to C, fig. S3 , and fig. S4 ) to decrease the knock-on damage by electron irradiation and to increase the image contrast of the light atoms (3, 7, 29, 39) . During operation at 80 kV the extraction voltage was reduced to 1.7 kV to increase the spatial resolution (40) . Figure S3 shows images of a whole GNP supported CeO 2 that was obtained using 80 keV electrons. The GNP images were analyzed and are described in the main text and are shown in Fig. 2 and fig. S6 . Because of the difficulty in aligning the electron beam parallel to a proper direction as well as specimen vibration and drifting during the acquisition of images, the image contrast that extruded beyond the reconstructed surface in the other GNPs seemed blurred slightly even under the same imaging conditions (for instance, fig. S4 , B and C). Therefore, the best image taken from the movie S3 (Fig. 2 , B and C and fig. S3 ) was further analyzed in detail as described in the main text and in the Supporting Online Material. The nominal spatial resolution of the ETEM was 0.10 nm at 300 kV and 0.18 nm at 80 kV. We observed the samples in a 1 vol% CO/air gas mixture (1 vol% CO, 21 vol% O 2 , 78 vol% N 2 ) over a wide range of total pressure from 45 to 2000 Pa. For the practical application of GNP catalysts to air cleaning, the concentration of CO in air was varied from 10 to 100 ppm. The partial pressure of CO for practical applications (1 to 10 Pa) is within the range of partial pressures of CO in the ETEM experiments (0.45 to 20 Pa). The nominal impurities in the gas were less than 0.0005 vol%. The residual gas in the ETEM was measured with a quadrupole mass spectrometer. The total pressure of the residual gas was about 1.2×10 -5 Pa in which the partial pressures of the constituent gases were H 2 O: 1.0×10 -5 (41) , the knock-on cross-section (σ knock-on ) of a target atom or an ion that is bounded to a crystal with an associated displacement threshold energy may be calculated. However, data for CO molecules on the surface of GNPs is not available. To avoid underestimating desorption by knock-on sputtering, we calculated the σ knock-on of a CO molecule by considering a lighter oxygen atom than a target CO molecule. The displacement threshold energy was assumed to be equal to the adsorption energy of CO on the surface of the GNPs (0.26 eV). The σ knock-on for a CO molecule adsorbed on the surface of Au was estimated to be 8. 2 at a range of lower electron energies from 0.87 to 1.87 eV despite the large difference in the adsorption energy. From these data, the σ ESD of CO adsorbed on GNPs may be estimated to be in the order of 10 -18 cm 2 . To estimate the σ ESD for higher energy electrons (80 and 300 keV), we considered that the σ ESD is roughly proportional to the electronic excitation cross-section (46) and that the electronic excitation cross-section of the CO molecules decreases with an increase in the incident electron energy from 0.1 keV to 80 keV or 300 keV by an order of 10 -3 (47, 48) . Therefore, the σ ESD for the CO adsorbed on the surface of the GNPs determined by 80 and 300 keV electrons could be roughly estimated to be in the order of 10 -21 cm 2 . The total desorption rate can then be expressed as the total desorption cross-section σ total =σ ESD +σ knock-on multiplied by the electron flux (a typical value was 2.5×10 19 electrons cm -2 s -1 in our observations). Thus, the total desorption rate by electron irradiation is estimated to be in the order of 10 -2 s -1 . The maximum possible adsorption rate of CO molecules per surface Au atom was estimated to be about 5×10 2 s -1 in the environment (CO 1 vol%/air at 100 Pa at room temperature). This rate was obtained as the product of the collision rate of CO molecules per surface Au atom (in the order of 10 3 s -1 ) and the initial adsorption probability (0.40) (49). CO molecules on the surface of GNPs are consumed at the rate per surface exposed Au atoms at a rate of 0.24 s -1 . Therefore, the adsorption rate is at least three orders of magnitude higher than the desorption and consumption rate. Although the CO molecules are sputtered by electron (80 and 300 keV) irradiation, the CO molecules are adsorbed at a higher rate than the rate at which they desorb. In addition, thermal desorption may be enhanced by a temperature increase of the GNPs upon electron irradiation. Nevertheless, as shown in Fig. 1 and fig. S1 , it is clear that the reconstruction is induced on the {100} facets of the GNPs in CO/air gas. Furthermore, a quantitative analysis of the images showed that CO molecules are adsorbed on the Au{100}-hex reconstructed surface ( fig.  S6 ). Therefore, an estimation of the desorption and adsorption rates and a quantitative analysis of the images show that the CO molecules predominantly populate the surface of the GNPs.
Image simulation and quantitative image analysis
The TEM images were simulated using MacTempas software (Total Resolution, CA, USA). According to the nominal parameters for electron optics, the parameters for the image simulations were chosen as follows: Accelerating voltage of 80 kV, a spherical aberration coefficient of the objective lens of 2 μm, a chromatic aberration coefficient of the objective lens of 1.4 mm, an energy spread of 0.4 eV and the radius of the objective aperture was 10 nm -1 . Images were simulated for the GNPs with a Au{100}-hex reconstructed surface containing adsorbed CO molecules and a Au{100}-(1×1) unreconstructed and Au{100}-hex reconstructed surface without CO adsorption, as summarized in fig. S5 . In the structural models shown in fig. S5 , A to C, the size of the supercell was 10×10×10 nm. ETEM images are known to only be smeared by additional electron scattering on gas molecules at low gas pressures (11) . Therefore, the effect of the scattering was not taken into account.
To evaluate image matching for the simulated images with the observed image in fig.  S6 quantitatively, the reliability factor or R1 is defined as follows.
R1=Σ|k I obs + t -I sim | ⁄ ΣI sim where I obs is the measured intensity and I sim is the calculated intensity. The summation is performed on all the pixels on the lines. The scaling factor, k and fitting parameter, t were determined in such a way that the contrast in vacuum and that of the gold atoms in the fourth topmost atomic layer of the reconstructed surface are the same as the corresponding contrast in the observed and simulated images, respectively. The positions of the Au atoms on the fourth topmost layer were fixed and identical in the reconstructed surface models with CO and without CO molecules (see the corresponding models in fig Another aspect of the image analysis was to verify that the image of adsorbed CO molecules in Fig. 2 B and C is not an artifact due to residual aberrations of the objective lens or misalignment of GNPs. Lateral line scans were therefore obtained for several areas in the same way as that obtained for the image taken in CO/air in fig. S6 A and G. The areas included a vacuum area located above the unreconstructed surface and a vacuum area located far from the surfaces. The scan width was 0.13 nm (6 pixels) and the scan length was 1.34 nm (64 pixels). To judge whether intensity variations were spatially periodic or not, a Fourier transform analysis of the line scan intensities was also performed. The periodic intensity variation above the reconstructed surface in CO/air exhibited a corresponding sharp peak in the Fourier transform. An intensity variation in the line scan appeared even in the vacuum area above the unreconstructed surface. However, the intensity variation did not exhibit a corresponding sharp peak in the Fourier transform. It is noteworthy that the intensity variation could be observed in areas of vacuum that were located far from the unreconstructed surfaces and in areas of CO/air that were located far from the reconstructed surfaces. Intensity variations in these areas did not exhibit any sharp peak in the corresponding Fourier transforms either. Therefore, the analysis mentioned above indicated that the intensity variation in the vacuum area above the unreconstructed surface was not the result of oscillations due to the residual aberration and/or misalignment of a GNP but most probably due to random noise in the TEM detection system and other instabilities. Furthermore, the temporal stability of the images was also examined. In the line scan of the in-situ images of adsorbed CO, the peaks remained at the same positions irrespective of observation time. The clear peak remained at the same spatial frequency in the Fourier transform. In contrast, in the vacuum area above the unreconstructed surface, weaker peaks in the line scan appeared randomly with time, and no sharp peak that remained at the same spatial frequency was found in the Fourier transform. Therefore, the analyses rule out any possibility of residual aberrations or misalignment leading to the oscillations being observed in the image contrast in Fig. 2 B and C.
Density functional theory calculations
The Vienna Ab Initio Simulation Package (VASP) (50) was used to deal with CO adsorption on gold. The exchange-correlation interaction was described by the generalized gradient approximation in the Perdew-Burke-Ernzerhof form (51) . Plane waves were used to expand the wave functions with a cutoff of 400 eV for the projector augmented wave potentials (52, 53) . The criterion for convergence in the structural determination was a residual force of less than 0.02 eV Å -1 . All the surfaces were modeled in the density functional theory calculation by a five-layer slab with a vacuum thickness of 1.5 nm where the adsorbed species were placed on one side. The top three layers were relaxed while the two bottom layers were fixed at their bulk structure. A 2×1 supercell was used for the Au{100}-hex(1×5) surface with a Monkhorst-Pack 4×2×1 kpoint mesh. In the relaxed structure of the Au{100}-hex(1×5) model (25, 26) each surface atom had a different sub-surface local configuration.
Several models of CO adsorption on the Au{100}-hex(1×5) surface were examined as well as those on the Au{100}-(1×1) unreconstructed surface. The adsorption of CO molecules in a high density manner was thought to be unstable on the surface of gold. In the Au{100}-hex reconstructed surface the topmost hexagonal layer differs from the second surface layer of the ordinary square lattice. Furthermore, the hexagonal layer is undulating and slightly distorted in-plane compared with the ideal hexagonal lattice. Therefore, surface Au atoms on the topmost layer have various configurations with neighboring Au atoms. Accordingly, the adsorption of CO molecules in high density manner can be sustained on the reconstructed surface. The coverage of CO molecules in the model (Fig. 2, D to F) was 50% in the topmost layer and the averaged adsorption energy was estimated to be 0.26 eV. An image simulation was carried out using this model, as shown in Fig. 2D .
Although the stability of the model (Fig. 2, D to F) has been examined sufficiently to account for the observed ETEM image (Fig. 2, B and C) , some supplemental interpretations are given as follows. The calculated adsorption energy of a CO-molecule at the on-top site of a surface Au atom depends remarkably on the local configuration of this atom. The surface Au atom that is backed by a subsurface Au atom located just beneath it tends to have a relatively large adsorption energy. The surface Au atom with longer in-plane bonds also tends to have a relatively large adsorption energy. A simple geometric argument shows that half the on-top sites possibly become preferential adsorption sites. Adsorption of more than 50% causes instability because of the repulsive interaction between the CO molecules and the intrinsic weak adsorption energies of the other sites.
Fig. S1.
GNPs supported on CeO 2 in vacuum and in a specific reaction environment (1 vol% CO/air gas mixture at 100 Pa at room temperature). The images taken using 300 keV electrons in (A) and (B) show that the reconstruction was preferentially induced on the {100} facet in GNPs in the reaction environment. The images of the rectangular regions in vacuum and in the CO/air gas mixture are enlarged and shown at the bottom of (A) and (B).
Fig. S2
Au{100}-hex reconstructed surface remained stable under CO gas at lower (1 Pa) to higher (20 Pa) partial pressures in 1 vol% CO/air. A total pressure of 1 vol% CO/air is indicated in each image. The same GNP was observed. Images of the rectangular regions are enlarged and shown at the bottom. This shows that the interaction between the surface of the GNPs with CO molecules is most likely reproduced under a reaction gas of higher pressure. To reduce random noise, the images were obtained by averaging four successively acquired images.
Fig. S3
A GNP supported on CeO 2 observed by aberration-corrected ETEM with lower energy (80 keV) electrons (A) in a vacuum and (B) in a specific reaction environment (1 vol% CO/air gas mixture at 100 Pa at room temperature). An unusual image feature appeared on the upper-right part of the GNP in the reaction environment. This part, imaged in vacuum and in the reaction environment is enlarged and shown in Fig. 2, A and B, respectively. The observation time for the reaction environment is indicated in the images in (B).
Fig. S4
The unusual image feature on the reconstructed facet of a GNP observed by aberrationcorrected ETEM with lower energy (80 keV) electrons. The imaging condition was similar to that for the other GNP in Fig. 2 and fig. S3 . (A) In a vacuum and (B) in a reaction environment (1 vol% CO/air gas mixture at 100 Pa at room temperature). The white rectangular areas in (A) and (B) are enlarged and shown in the lower part of (A) and (B), respectively. In the part indicated by the blue rectangular in (B) is further enlarged and shown in (C).
Fig. S5
GNP models for the image simulation viewed along the same direction as for the observations (Fig. 2 and fig. S3 ), that is the [1.37, -0.37, 0] direction of a crystalline GNP. (A) A GNP with a Au{100}-hex reconstructed surface and adsorbed CO molecules ( To remove random noise in the observed image in (A), the line scan intensity along the seven equivalent lines each of which is indicated by an orange dot as the starting point and the corresponding orange arrow head as the end in (A) are averaged. The averaged line scan intensity is shown in (D), while a single line scan intensity of the simulated images with CO in (B) and without CO in (C) are shown in (E) and (F), respectively. In (E) and (F), a line scan intensity was calculated along a line that starts from an orange dot to the corresponding orange arrow head in (B) and (C), respectively. Clearly, the intensity minimum appears in both the observed and simulated images with adsorbed CO molecules as indicated by the black arrow head at the assumed position of the CO molecules, while in the simulated image without CO molecules no intensity minimum appears. Lateral intensity scan of (A), (B) and (C) is shown in (G), (H) and (I), respectively. Scan was made along the direction parallel to the surface with a scan width of 0.13 nm. Therefore, the scan samples the area beyond the Au{100}-hex reconstructed surface, as indicated by the dotted rectangle in (A), (B) and (C). The oscillation intensity in observation (G) can be accounted for by the adsorbed CO molecules, as shown in (H). The Au{100}-hex reconstructed surface without CO molecules cannot reproduce the oscillating intensity, as shown in (I).
